A number of oxygenase enzymes have been shown to oxidize indole, leading ultimately to the production of the industrially useful dye indigo via a combination of enzymatic and nonenzymatic reactions (1, 2, 3, 7, 8, 9, 10, 11, 20, 30, 34, 40, 43) . The generally accepted pathway for production of indigo and the related indigoid pigment indirubin involves an initial oxidation of indole at the 3 position, producing indoxyl and isatin (Fig.  1A) . In the presence of oxygen, indoxyl undergoes a dimerization, leading to the formation of indigo. Alternatively, indoxyl and isatin can condense to form indirubin. It has been proposed that the use of various indigo-forming oxygenases paired with the inherent indole production of Escherichia coli (1) could serve as an economically viable green chemistry process for the production of this commodity scale textile dye from simple carbon sources (1, 3, 13, 30) . To this end, research has been conducted to identify key pathways, enzymes, and fermentation conditions that can be controlled to increase the efficiency of the glucose to pigment conversion and limit the production of the undesired by-product indirubin by limiting the production and accumulation of isatin (1, 30) .
In addition to serving as dye stuffs, indigoid pigments have been shown to be of therapeutic value for a number of diseases, including Alzheimer's disease (24) , certain forms of cancer (16, 19, 41) , and delayed hypersensitivity (23) . The therapeutic action is believed to be due their interaction with the human aromatic hydrocarbon receptor (14) and a number of kinases, including glycogen synthase kinase 3, cyclin-dependent kinase 5, and cyclin-dependent kinase 1 (21, 23, 24, 27, 37) . Unlike the textile industry, where indirubin is considered a contaminant of indigo preparations, indirubin is preferred for therapeutic applications, in part because it is more polar than indigo and therefore more bioavailable, allowing for a higher effective dose. Recently, indirubin with various substitutions at the 4-, 5-, 6-, or 7-position was shown to be more inhibitory toward kinases than indirubin (14) .
While much work has been done to improve and optimize the biological production of indigo, relatively few studies have investigated the nature or potential application of biologically generated indole oxidation products other than indigo and indirubin, even though some of the products may serve as dyes and pharmaceutical precursors (5, 6, 33, 41, 42) . Recent work with engineered variants of human P450 2A6 set a precedent, showing that other indole oxidation products, such as 2-oxindole and 6-hydroxyindole, are possible products of enzymatic indole oxidation (Fig. 1A) (13, 31) . Similarly, recent studies with the toluene-2-monooxygenase (T2MO) of Burkholderia cepacia G4 indicate that protein engineering of the diironcontaining monooxygenase can alter the ratio of the indolederived products produced (4-hydroxyindole, isatin, indigo, indirubin, and isoindigo), which in part accounts for the range of colors seen in the chloroform extracts of cultures expressing the modified isoforms of T2MO (38) .
Previously, it was noted that some mutations that impacted the enantiospecificity of butadiene epoxidation catalyzed by the toluene-4-monooxygenase (T4MO) of Pseudomonas mendocina strain KR1 (K. McClay and R. J. Steffan application no. 60/136,602, U.S. Patent Office) also impacted the indole oxidation phenotype of the mutants, varying the intensity and hue of the indigoid pigments formed (26) . To determine if such mutations could allow for the production of indole-derived products other than indigo and indirubin, we evaluated the effects of a series of T4MO mutations at positions I100, G103, A107, and F196 on the product distribution resulting from indole oxidation. We found that, in addition to the indigoid pigment precursors (indoxyl and isatin), 2-oxindole and 7-hydroxyindole could be produced in varying quantities by some toluene monooxygenase isoforms. The ratio of these primary oxidation products was altered by single amino acid substitutions, particularly when the amino acids that were altered were adjacent to ligands of the diiron center and also comprised part of the substrate-binding pocket. However, to create T4MO isoforms that produced the pharmaceutical intermediate 7-hydroxyindole in significant quantities, multiple mutations were required. Furthermore, a number of pigments that, to the best of our knowledge, have not been previously described were produced by the G103L variant of T4MO. Bacterial strains, plasmids, and media. E. coli strain DH10B (Gibco, Rockville, MD) was used as the default cloning and expression host for indole oxidation studies. The initial cloning and site-directed mutagenesis of tmoA was performed via overlap extension PCR essentially as described by Pikus et al. (36) using the primers listed in Table 1 . In all cases, the products of the secondary PCRs were digested with EcoRI and BglII and ligated to the plasmid pRS184f (35) that had been similarly digested. The resulting plasmids were then transformed into E. coli DH10B. The DNA encompassing the portion of tmoA that was subject to PCR amplification during the mutagenesis was sequenced to verify that the intended mutations were present and to identify any unplanned mutations that had occurred. A catechol 2,3-dioxygenase-negative variant of the toluene-2-monooxygenase (T2MO)-bearing plasmid pMS64 (39) was constructed by removing the internal KpnI fragment of the dioxygenase gene. The pMS64 plasmid and the T4MO double mutant G103L::A107S were generous gifts from Malcolm Shields (Idaho State University) and Brian Fox (University of Wisconsin, Madison), respectively. E. coli DH10B cultures containing the cloned genes of the various oxygenase isoforms were grown overnight at 30°C in LB broth with 100 g/ml ampicillin as a selective pressure, and the cloned genes were induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h prior to being harvested.
MATERIALS AND METHODS

Chemicals
Indole oxidation and product formation. Indole and its oxidation products were analyzed using high-pressure liquid chromatography (HPLC), UV spectrophotometry, and thin-layer chromatography (TLC). In general, following growth and induction of T4MO expression, the E. coli cultures were harvested by centrifugation, washed once with Luria-Bertani (LB) broth, and resuspended in a 1:10 dilution of LB broth and basal salts medium (15) containing ampicillin and 0.05 mM IPTG, to a final optical density at 550 nm of 2. The LB broth was included to sustain metabolic activity throughout the assay. Ten milliliters of the resuspended cultures was added to 50-ml serum vials to which indole dissolved in ethanol was added to a final concentration of 0.5 to 5 mM. For samples that were to be analyzed by UV spectroscopy, triplicate vials were prepared for each time point because spectroscopic analysis required the sacrifice of entire samples for each time point. Spectroscopic determination of the relative quantities of indigoid pigments was performed by extracting the entire volume of the serum vials with chloroform, evaporating the extract to dryness under a vacuum, dissolving the pellet in dimethylformamide, and measuring the absorbance at 597 nm as described previously (34) .
For HPLC analysis, 500 l of the culture supernatant was withdrawn through the septa of the serum vials at selected time points and placed in microcentrifuge tubes. The tubes were centrifuged for 10 min at 10,000 ϫ g. The cleared supernatants were transferred into HPLC autosampler vials and analyzed on a Hewlett-Packard 1050 series HPLC device. Indole and the non-cell-associated metabolites thereof were resolved on a Hewlett-Packard Zorbax Eclipse XDB C 8 column (4.6 by 150 mm) with an isocratic mix of methanol and water (50:50) at a flow rate of 0.85 ml/min. Elution of the indole-derived products from the column was monitored at a wavelength of 270 nm. Under these conditions, 4-and 5-hydroxyindole did not fully separate and eluted at ϳ2.7 min. Isatin eluted at 3.1 min, followed by 6-hydroxyindole at 3.4 min, 2-oxindole at 3.8 min, 7-hydroxyindole at 4.5 min, and indole at 7.1 min. Indoxyl was not stable enough to be analyzed by this method.
Analytical TLC separation of the indole-derived products was performed by twice extracting 0.5 to 5 ml of the liquid cultures with equal volumes of chloroform, which was then removed with a stream of nitrogen or under vacuum. The resulting dried pigment pellet was dissolved in chloroform to a volume of 100 l. Twenty microliters of the extract was then applied to polyester-backed silica gel thin-layer chromatography plates (250-m-thick layer; Whatman Ltd., Maidstone, Kent, England). The TLC plates were then resolved with a solvent mixture of 50% toluene, 25% acetone, and 25% chloroform. Preparative TLC plates of the same composition were handled in a similar manner to prepare samples for nuclear magnetic resonance (NMR) analysis.
Pigment characterization. Following TLC separation of the indigoid pigments described above, the separated pigment-containing bands were isolated from the TLC plate and the pigments were extracted from the silica matrix with chloroform (indigo and indirubin) or acetone (pigments 1 and 2). The solvents were evaporated, and the pigments were suspended in dimethylformamide for spectral analysis or dissolved in acetone-d 6 for NMR analysis. A spectral scan (280 nm to 1,100 nm) of the individual pigments was performed using a Thermo Spectronic GENESYS 2 UV/Vis spectrophotometer (Rochester, NY). NMR analyses were performed on a Varian INOVA-600 spectrometer (Varian Inc., Palo Alto, CA) operating at 599.867 MHz and 150.869 MHz for 1 H observation and 13 C decoupling, respectively. Homonuclear chemical shift correlations were acquired with the standard Varian gradient-selected correlated spectroscopy (gCOSY) pulse sequence. 13 C chemical shifts were determined indirectly using the standard Varian heteronuclear single quantum correlation and heteronuclear multiple band correlation pulse sequences.
Determining the distribution of indole oxidation products using radiolabeled indole. To supplement the HPLC data concerning the fate of the indole oxidized by the T4MO isoforms, an indole oxidation experiment was performed as described above, except 0.07 mM (1.47 Ci) [
14 C]indole was added along with 0.92 Following overnight incubation, the cultures were exposed to UV light to ensure that the characteristic green fluorescence demonstrating the presence of indoxyl was no longer visible (40) , indicating that the active transformation of indole had ceased. The cultures were then prepared for HPLC as described above, except that a 100-l subsample was removed prior to centrifugation and placed directly into 5 ml of Optiphase Hi Safe 3 liquid scintillation cocktail. The level of radioactivity in this sample was compared to the same volume of liquid following centrifugation by using liquid scintillation counting in a Wallac 1209 Rackbeta scintillation counter (Pharmacia LKB, Gaithersburg, MD). This allowed us to determine the percentage of the total radioactivity that was precipitated with the cells during centrifugation. This fraction was presumed to be comprised mostly of the hydrophobic indigoid pigments that bound to the cells and were removed by centrifugation. The supernatant was analyzed via HPLC as before, except that the waste stream was collected with a fraction collector that captured 0.425-ml aliquots (30 s of column flow). Then, 400 l of each collected fraction was added to 5 ml of liquid scintillation cocktail to determine the level of radioactivity in each fraction. The level of radioactivity in each fraction was converted to a percentage of the total radioactivity present in the entire sample that was analyzed.
RESULTS
Differences in the indole oxidation characteristics of the oxygenase isoforms. The observed differences in the indigoforming phenotypes of the wild-type T4MO and the mutant isoforms G103L and F196L suggested that these mutations alter the indole oxidation capability of T4MO (see Fig. 3A ). To determine if the altered pigmentation of the colonies expressing the T4MO isoforms G103L and F196L was caused by a difference in the quantity of indole oxidized or differences in the composition of the products resulting from indole oxidation, assays were conducted using wild-type T4MO, G103L, and F196L. Initial experiments tracked the degradation of indole via HPLC analysis and the simultaneous formation of pigments by measuring the absorbance of chloroform-extractable pigments at a wavelength of 597 nm. Wild-type T4MO, G103L and F196L all oxidized indole to completion within 5 h, yet the accumulation of indigoid products was not equivalent with the various T4MO isoforms. Pigment accumulation with wild-type T4MO and the F196L mutant reached its maximum at the 5-h time point and decreased slightly over the next 17 h. Ultimately, the F196L clone produced only 42% as much pigment as the wild-type clone. With the G103L isoform, pigment formation occurred rapidly during the first 5 h but, instead of decreasing during the next 17 h, the pigments continued to accumulate, reaching a final level that was threefold greater than that achieved with the wild type.
TLC analysis conducted following spectraphotometric analysis of the extracts revealed that all three of the T4MO isoforms produce multiple indole-derived products, including indigo, indirubin, and isatin. The G103L mutant produced a particularly complex mixture of products, including two colored metabolites not produced by the other two isoforms (Fig.  3B) . Because the absorbance peaks of the pigments overlapped, the relative contribution of indigo ( max ϭ 602), indirubin ( max ϭ 536), and pigment 1 ( max ϭ 566) to the total absorbance of the extracts as measured at 597 nm could not be determined. The spectrophotometric method of quantifying the production of indigoid pigments was therefore deemed unreliable. Furthermore, the presence of the unidentified pigments created by G103L, and the relative absence of pigments produced by F196L, could not be explained with the traditional pathway proposed for the formation of indigo and indirubin (Fig. 1A) , indicating that indole metabolites other than indoxyl and isatin were being created by both G103L and F196L.
Standards of commercially available isatin, 2-oxindole, 4-hydroxyindole, 5-hydroxyindole, 6-hydroxyindole, and 7-hydroxyindole were obtained and used with HPLC analysis to identify and quantify the soluble metabolites of indole oxidation. While most of the standards could be prepared and analyzed as a mixture, fresh stocks of isatin as a single compound were prepared daily because isatin decomposes in aqueous media to form isatic acid, which further degrades to form anthranilate (Fig. 1B) under acidic conditions (18) . Furthermore, we found that isatin reacts rapidly with 2-oxindole in a concentrationdependent manner. The product of this reaction was not identified but is likely to be isoindigo (16) .
Several of the other T4MO isoforms of interest, and T2MO from B. cepacia G4, were used in additional product distribution studies that included the addition of [
14 C]indole as a substrate. Results of these analyses are shown in Table 2 . The only water-soluble products of the initial oxidation of indole detected via HPLC with these clones were 2-oxindole and 7-hydroxyindole. Indoxyl and isatin also were formed, as indicated by TLC and fluorescent analysis, but they were too unstable to be detected using the described HPLC sampling and analysis protocols.
The percentage of indole remaining in the assay media and the percentage of indole converted to oxindole, 7-hydroxyindole, and unknown products were quantified using HPLC and radiometric analysis. The percentage of indole converted to cell-associated pigments was determined by measuring the difference in the amount of radioactivity in solution before and after removal of the cells via centrifugation. In the case of the negative control (plasmid-free E. coli DH10B), a discrepancy existed between the amount of indole added and the amount of indole detected via HPLC (approximately 0.05 mM under these conditions). This presumably was caused by the conversion of tryptophan to indole, catalyzed by the tryptophanase enzyme produced by E. coli (1), allowing for more than 100% of the added indole to be detected. While the uncertainty introduced by the endogenous indole production was undesirable, the use of an E. coli host was preferable to other expression hosts such as Pseudomonas putida strain PPO200 (22) that metabolized indole independently of the cloned T4MO genes (data not presented). Cultures of a plasmid-free E. coli DH10B removed only 3% of the 14 C-labeled indole from the media in the centrifugation step.
With cultures expressing the various oxygenase isoforms, there was wide variation in the product distribution resulting from indole oxidation ( Table 2 ). For example, 8% of the oxidized indole was converted to oxindole by the mutants A107T and G103L::A107G, whereas F196L converted 74% of the oxidized indole to oxindole; nearly double the oxindole production of the wild-type T4MO. The single mutations G103L, G103V, A107C, and A107T converted up to 17% of the oxidized indole to 7-hydroxyindole, whereas the double mutation G103L::A107G directed 47% of the oxidized indole toward the production of 7-hydroxyindole. Wild-type T2MO converted 38% of the oxidized indole to 7-hydroxyindole. Although more stable than isatin, 7-hydroxyindole and the other hydroxyindoles are also somewhat unstable. In the presence of oxygen, 7-hydroxyindole undergoes a reaction that converts it from a colorless compound into a hydrophilic red/brown pigment that cannot be extracted with chloroform (see Fig. 3A and C) . This decay process is likely to lead to an underestimation of the yield of 7-hydroxyindole.
The T4MO mutant that produced the most cell-associated product was the I100V isoform that converted 46% of the oxidized indole to the cell-associated pigments indigo and indirubin, while a low of 11% conversion was achieved with the double mutant G103L::A107G. The fact that both T2MO and G103L::A107G contained levels of cell-associated pigments that were above that of the control cells cannot be explained by the production of indigo or indirubin. These pigments were never observed during TLC analysis with these isoforms, and there was no evidence of the production of the indigoid pigment precursors (indoxyl and isatin) during the active oxidation of indole. However, the accumulation of the nearly colorless compound isoindigo, purportedly formed via the dimerization of 2-oxindole (38), could account for the elevated levels of cell-associated radioactivity. Another potential cause of elevated levels of cell-associated radioactivity is the covalent linkage of reactive indole oxidation products, such as indoxyl and epoxides, to cellular material (1, 32) .
Structure of novel pigments. Even though pigments 1 and 2 ( Fig. 1) were isolated from the same TLC plates, pigment 1 was obtained in a higher yield. We therefore focused on determining the structure of pigment 1. Comparison of the chemical shifts obtained for pigment 1 with that of indigo and indirubin (Table 3) suggested that it is structurally related to indigo with some significant differences, though some ambiguity remains regarding the proposed structure of the molecule. This is because not all 13 C chemical shifts have been identified; notably, vinylic C-2 and C-2Ј, carbonyl C-3Ј, and enolic C-7Ј. Twodimensional homonuclear chemical shift correlation spectroscopy (COSY) experiments establish H-4Ј and H-5Ј as vicinal aromatic hydrogens, consistent with the proposed 1,2,3,4-tetrasubstituted benzene ring. H-6Ј and H-8Ј are coupled to each other with a small coupling constant characteristic of longrange coupling (Fig. 2) . No long-range coupling is observed between H-5Ј and H-6Ј, but their spatial proximity is confirmed by nOe crosspeaks in two-dimensional nuclear Overhauser ef- (Fig. 3B ).
DISCUSSION
During indole oxidation, the wild-type T4MO produced a mixture of primary oxidation products including indoxyl, isatin, and 2-oxindole. Single amino acid substitutions at the amino acid positions I100, G103, A107, and F196 impacted the regiospecificity of indole oxidation, altering the ratio of the primary oxidation products produced and also allowing for the production of an additional primary oxidation product, 7-hydroxyindole. Because indoxyl production is required for the formation of indigoid pigments (Fig. 1A) , shifting the product distribution away from indoxyl in favor of 2-oxindole or 7-hydroxyindole explains the observed decrease in pigment formation with some clones but does not alone account for the presence of the novel indigoid pigments created in the G103L isoform ( Fig. 2  and 3B ).
G103 forms part of the hydrophobic substrate-binding pocket and is adjacent to the iron ligand E104 (36) . It has been proposed that residues homologous to G103 dictate the degree of enantiospecificity observed during the alkene epoxidation catalyzed by different diiron-containing monooxygenases (12, 26, 28, 29) . This hypothesis was supported by the observation that replacing G103 in T4MO with the progressively larger residues valine and leucine increased the production of the S-enantiomer of butadiene monoepoxide from 67% to 77% and 90%, respectively (unpublished results; application no. 60/136,602, U.S. Patent Office), approaching the enantiospecificity of T2MO (26) . Consequently, it was proposed that the shift in the regiospecificity seen with the G103L isoform is caused by an alteration in how toluene is positioned within the active site, essentially as depicted in Fig. 4A . The repositioning of toluene is likely due to steric interactions between the methyl group of toluene and the larger R group of the leucine at position 103. In this study, we found that converting G103 to the progressively larger amino acids valine and leucine increased the amount of oxidized indole directed toward 7-hydroxyindole production from 0% to 10 and 17%, respectively. Thus, the change in the regiospecificity of indole oxidation catalyzed by the G103L mutant may be satisfactorily explained by extending the altered binding hypothesis described for tol-FIG. 2. Proposed structure of pigment 1. The numbering scheme corresponds to the coordinates reported in Table 3 describing the NMR chemical shifts for pigment 1. T2MO 100  0  38  17  45  I100A  66  10  0  41  49  I100C  100  17  0  41  42  I100V  100  16  0  46  38  G103L  60  23  17  29  31  G103V  47  38  10  29  23  G103L:A107G  72  8  47  11 
a Indole (0.92 mM) was added to 5 ml of cell culture in LB broth (optical density at 550 nm of 1) in triplicate, to which 1.47 Ci of radiolabeled indole was added (0.07 mM indole), followed by overnight incubation at 37°C. The percentage of indole converted to oxindole and 7-hydroxyindole was determined by via HPLC analysis. The percentage of indole converted to cell-associated pigments was determined by measuring the total radioactivity present in solution before and after removal of the cells and particulates, representing the insoluble indigoid pigments. Values shown are the averages of triplicate analysis, rounded to the nearest percent. The maximum range of values for any sample group was Ͻ4%.
b NA, not analyzed. (Fig. 4) . The progressively larger side chains of the G103V and G103L mutants result in increased levels of steric interaction between the aromatic ring of indole and the R groups of the amino acids located at position 103.
Larger side chains appear to favor a positioning of indole that places the aromatic ring near the catalytic diiron center, thereby promoting oxidation of the aromatic ring and the formation of 7-hydroxyindole as indicated in Fig. 4C and D. Furthermore, empirical evidence suggests that the repositioning of indole, as shown in Fig. 4D , is hindered by the steric interactions with the A107 side chain. This hypothesis is supported by the fact that the elimination of the A107 side chain, as in the G103L::A107G mutant, causes a threefold increase in the amount of 7-hydroxyindole that is formed with the single mutation G103L. In addition to acquiring the ability to hydroxylate the 7-position of indole, the G103L mutant formed novel indigoid pigments. The structural characterization of these pigments has not been completed, but proposed structures are supported by the combined evidence obtained through NMR, optical, and TLC analysis. The formation of the double bond between N-1Ј and C-8bЈ, as indicated by the high, carbonyl-like chemical shift for C-8bЈ, may account for the unique color of pigment 1. The color of indigo is affected by the hydrogen bonding that occurs between the amine hydrogen attached to N-1 and the carbonyl oxygen attached to C-3. When intramolecular hydrogen bonds predominate, indigo appears violet in color. Indigo appears blue, however, when intermolecular hydrogen bonds between these atoms and the solvent predominate (44) . The proposed elimination of the H-1Ј hydrogen by formation of the N-1ЈAC-8bЈ double bond would be expected to alter the color of pigment 1 by altering the hydrogen bonding of the molecule. Unlike pigment 1, the H-1Ј amino hydrogen of pigment 2 (which is believed to be a structural analog of indirubin) is spatially excluded from forming a hydrogen bond with the oxygen attached to C-3; thus, its elimination would not be expected to vary the color of this pigment, leaving it the same color as indirubin. The additional bulk and hydrophilic nature of these pigments, caused by the addition of the second fused five-member ring (C-6Ј, C-7Ј, and C-8Ј), would account for the decreased mobility of the pigments on the TLC plates with the described solvent system. The pathway leading to formation of these pigments has not been completely elucidated, but their formation appears to be dependant on the ability of the oxygenase isoforms to form 7-hydroxyindole. To date, the only enzymes we have found that produce these pigments in appreciable quantities are the G103L isoform and an unidentified enzyme cloned from chromosomal DNA of Pseudomonas sp. strain ENVPC5 (25) that also makes 7-hydroxyindole (data not presented). However, it does not appear that 7-hydroxyindole is converted to the novel pigments directly, because adding 7-hydroxyindole as an extracellular substrate did not increase the level of novel pigments produced (data not presented). Because the novel pigments are modified at positions 6 and 7, corresponding to the two carbons that would be involved in forming the epoxide precursor to 7-hydroxyindole, it is likely that enzymatic or chemical modification of the reactive epoxide precursor of 7-hydroxyindole is involved in the formation of these pigments.
Based on the positioning of the T4MO active-site mutations that altered product distribution of the indole oxidation, it is expected that the analogous active-site mutation of T2MO would yield isoforms that produce indigo. Canada et al. (2) identified an indigo-forming isoform of T2MO that had been altered at a position homologous to T4MO residue I100 (V106), and Rui et al. (38) found that altering the amino acids homologous to T4MO residues I100 and A107 resulted in changes in the amount of isatin, indigo, indirubin, and isoindigo produced. These results are similar to ours, except that we found that wild-type T2MO and the T4MO double mutant G103L::A107G converted 38 and 47% of added indole to 7-hydroxyindole (as determined by comparison to authentic standards via HPLC and TLC separation and color formation following air oxidation [ Fig. 3C]) , respectively, whereas Rui et al. reported that wild-type T2MO produces an undefined quantity of 4-hydroxyindole. Furthermore, the most abundant product of indole oxidation by wild-type T2MO reported by Rui et al. was isoindigo (86%), hypothesized to be the dimerization product of 2-oxindole (even though it has been shown that isoindigo is formed chemically by the reaction of 2-oxindole and isatin under acidic conditions [16, 38] ). If 38% of the added indole is converted to 7-hydroxyindole by T2MO as we have demonstrated, only 60% of the added indole would be available for isoindigo formation. While some of the discrepancies between the product distributions might be explained by culture conditions and sampling techniques, these factors cannot explain the discrepancy between the production of 4-and 7-hydroxyindole. However, Rui et al. did not analyze for the later product and may have misidentified the 7-hydroxyindole as 4-hydroxyindole.
Another amino acid that, like G103, is part of the hydrophobic substrate-binding pocket and adjacent to an iron ligand is F196 (35) . Analogs of this residue have been hypothesized to be important for determining the enantiospecificity of alkene monooxygenases (12) . Unlike G103L, however, F196L has no appreciable impact on the enantiospecificity of T4MO during the epoxidation of butadiene (unpublished results; application no. 60/136,602, U.S. Patent Office). The F196 position, however, did have a definite impact on the indole oxidation product distribution, directing 74% of the oxidized indole toward 2-oxindole formation, as opposed to only 38% with the wild type. The fact that such a large percentage of the oxidized indole is directed toward oxindole presumably accounts for the decreased production of indigo by the F196L isoform. The mechanism underlying the shift toward 2-oxindole production is difficult to ascertain. Extension of the epoxidation model of catalysis to describe the oxidation of indole by wild-type T4MO predicts that indole should proceed through a 2,3-epoxy-indole intermediate, yielding an indole derivative oxidized at the 2 position. However, only 38% of the indole oxidized is converted to 2-oxindole with wild-type T4MO. This indicates that either the chemistry of the heterocyclic ring affects the resolution of the 2,3-epoxy-indole intermediate or, alternately, the binding of indole in the wild-type T4MO active site might render the 2,3 double bond of indole somewhat inaccessible, favoring the direct hydroxylation of indole at the 3 position to form indoxyl. A similar mechanism has been proposed for the hydroxylation of the methyl groups of p-xylene by T4MO (35) . Thus, a subtle shift in the binding position of indole caused by the F196L mutation could make the double bond more accessible, favoring epoxide formation, ultimately leading to increased 2-oxindole production.
As discussed earlier, a great amount of research has been devoted to optimizing the conversion of glucose to indigo by using naphthalene dioxygenase as the catalyst for the oxidation of indole (1, 10) . Substitution of the naphthalene dioxygenase with selected toluene monooxygenase isoforms could provide immediate access to a green chemistry route for the synthesis of other valuable indole-derived products, including novel indigoid pigments, 7-hydroxyindole, and 2-oxindole. Although the purity of the novel pigments produced by the G103L isoform may currently be insufficient for use in the textile dye industry, the increased polarity of the indigoid pigments, as demonstrated via TLC, means that they would have a greater bioavailability than indigo and indirubin if they were administered as therapeutic agents. For therapeutic applications, the cost of product separation would be less of a concern than for textile applications. The 7-hydroxyindole produced by the G103L::A107G mutant, and the derivatives thereof, can be used as a keratin fiber dye (6) , as antagonists of the insulinstimulating hormone calmodulin (4, 41) , or as a stimulants of dopamine production (32) . Similarly, the F196L mutant is potentially useful as a catalyst for the production of 2-oxindole or for converting indoles with aromatic ring substitutions into derivatives of 2-oxindole such as 5-chloro-2-oxindole, a precursor to the antirheumatic drug Tenidap (5) . Future research will be directed toward exploring the active-site flexibility of T4MO to improve the yield of desired indole-derived products and toward a better understanding of the pathway leading to the 
